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[57] ABSTRACT 

A demodulator circuit (100) and method for producing a 
demodulated signal V oc/T from an input signal V lN . A 
frequency detection circuit (101) produces a quadrature 
signal Vq VAD which is compared to the input signal V w to 
produce a detected output signal. The phase and frequency 
of the quadrature signal V etMJD are responsive to a control 
signal Icontrol- The demodulator circuit (100) has an 
output terminal (114) which provides the demodulated sig- 
nal Vqut Nonlinearity in the demodulated output signal 
V OUT in relation to a modulating signal is reduced by a 
linearizing feedback circuit (102). Automatic tuning is pro- 
vided by a tuning feedback circuit (103). The output signals 
produced at the respective output terminals (114) and (113) 
of the linearizing feedback circuit (102) and tuning feedback 
circuit (103) are summed to produce the control current 
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11 Claims, 1 Drawing Sheet 
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FM DEMODULATOR USING INJECTION 
LOCKED OSCILLATOR HAVING TUNING 
FEEDBACK AND LINEARIZING FEEDBACK 

BACKGROUND OF THE INVENTION 

The present invention relates, in general, to communica- 
tions circuits and, more particularly, to demodulator circuits. 

Frequency modulation (FM) is commonly used for trans- 
mitting information on a carrier signal in communications 
systems. A FM demodulator is used at the receiving end of 
the communications system to recover the transmitted infor- 
mation. FM demodulators are commonly used in radios, 
television, and cordless and cellular telephones. 

FM demodulators generally use quadrature signals for 
recovering information from the transmitted FM signal. A 
quadrature signal is a signal shifted in phase by ninety 
degrees in relation to an input signal. In a FM demodulator, 
the quadrature signal is typically derived from the input FM 
signal by using an inductor-capacitor (LC) tank circuit. 
Accurate recovery of the modulating signal depends on the 
resonant frequency of the tank circuit being equal to the 
center frequency of the input signal. However, in order to 
attain the proper resonant frequency, manual tuning of the 
tank circuit is generally performed during fabrication of the 
receiver, which increases manufacturing cost. Tank circuits 
also have a disadvantage in that they are not readily inte- 
grated on a semiconductor die, thereby adding external 
components to the system and increasing system cost. 

Ceramic filters, which are not tunable, are often used as an 
alternative to tank circuits for providing the quadrature 
signal. However, ceramic filters have lower performance 
than tank circuits. Moreover, they are difficult to obtain with 
an accurate resonant frequency, which further lowers 
receiver performance. They also increase system cost by not 
being integrated on a semiconductor die. 

There is a need for a FM demodulator which does not 
require the use of tank circuits or ceramic filters to produce 
the quadrature signal. Receiver cost would thereby be 
reduced by eliminating the additional manual tuning needed 
with LC tank circuits while improving the performance 
attainable with ceramic filters. It would be a further benefit 
if the FM demodulator could be integrated on a semicon- 
ductor die, which would lower cost by reducing the number 
of external components. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a FM demodulator circuit in 
accordance with the present invention; 

FIG. 2 is a schematic diagram of an enibodiment of a FM 
demodulator circuit in accordance with the present inven- 
tion; and 

FIG. 3 is a schematic diagram of another embodiment of 
aFM demodulator in accordance with the present invention. 

DETAILED DESCRIPTION OF THE DRAWINGS 

Modern frequency modulation (FM) demodulators typi- 
cally rely on multiplying an in-phase input signal with a 
quadrature signal. The in-phase input signal is taken as the 
transmitted FM input signal and the quadrature signal is 
derived in the receiver from the transmitted input signal, 
typically by phase shifting the FM input signal. To facilitate 
receiver design, the transmitted FM signal is generally 
converted to an intermediate frequency (IF) input signal 
which retains the FM characteristic of the transmitted signal 
but has a lower center frequency. Accordingly, an IF signal 



0,749 

2 

is also considered to be a FM signal Some typical IF signals 
have center frequencies of 455 kiiohcrtz, 10.7 megahertz 
and 70 megahertz. 
FIG. 1 is a block diagram of a demodulator circuit 100 in 

5 accordance with the present invention. Demodulator circuit 
100 comprises a frequency detection circuit 101, a linear- 
izing feedback circuit 102, a tuning feedback circuit 103 and 
a summing circuit 104. Frequency detection circuit 101 has 
a signal input terminal 111 for receiving a modulated input 

10 signal V w , a control input terminal 115 for receiving a 
control signal and an output terminal 112 which provides a 
detection signal. Linearizing feedback circuit 102 has an 
input connected to output terminal 112 and an output ter- 
minal 114 which serves as the output of demodulator circuit 

15 100. Output terminal 114 is connected to an input of a 
summing circuit 104. Tuning feedback circuit 103 has an 
input connected to output terminal 112 and an output con- 
nected to input terminal 113 of summing circuit 104. Sum- 
ming circuit 104 has an output connected to control input 

20 terminal 115. 

By way of example, frequency detection circuit 101 
comprises a well known injection locked oscillator 121 
connected to a well known phase detector circuit 122 by an 
output terminal 116. Injection locked oscillator 121 has an 

25 input terminal connected to signal input terminal 111 of 
frequency detection drcuit 101, an input terminal 115 which 
serves to control its free running frequency, and an output 
terminal 116 which provides a quadrature signal or phase 
shifted signal V gtMZ) . Phase detector circuit 122 has a first 

30 input connected to the signal input of demodulator circuit 
100, a second input connected to the output of injection 
locked oscillator 121 and an output which serves as the 
output of frequency detection circuit 101. Alternative 
embodiments for frequency detection circuit 101 include a 

35 phase detector circuit combined with, for example, a tank 
circuit, a ceramic filter, or the like. 

Phase detector circuit 122 is configured as a multiplier 
circuit, producing a detection signal at its output terminal 

^ 112 which corresponds to the product of input signal V w and 
quadrature signal V Q(M/> By way of example, phase detec- 
tor circuit 122 is configured as a well known doubly bal- 
anced multiplier circuit The detection signal can be a single 
ended signal or, alternatively, a differential signal. It can be 

45 either a current signal or a voltage signal. When quadrature 
signal V QUAD is locked to the same frequency as input signal 
Vj^. the detection signal corresponds to the relative quadra- 
ture phase error, i.e., deviation in phase from true quadra- 
ture. Id effect, phase detector circuit 122 measures the 

50 relative phase of input signal V w and quadrature signal 

Input signal V /Af and quadrature signal ^quad 310 m 
quadrature, i.e., 90 degrees apart in phase, at the free running 
or center frequency of injection locked oscillator 121. When 

55 input signal V,^ and quadrature signal V QUAD are in true 
quadrature, the detection signal corresponds to zero quadra- 
ture phase error. The product of input signal V /jV and 
quadrature signal V fiCMZ) also produces a frequency com- 
ponent in the detection signal at twice the frequency of input 

50 signal V IN . This frequency component is commonly filtered 
out of the detection signal by a filter circuit in phase detector 
circuit 122 which attenuates frequency components which 
are at twice the frequency of input signal V /N , 
Injection locked oscillator 121. also referred to as a 

65 synchronous oscillator, has several advantages over a tank 
drcuit or a ceramic filter for generating quadrature signal 
V QUAJ> . It is better able to reject amplitude variations in FM 
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input signal V w and it produces less second harmonic quency of quadrature signal V £[Mi> to be in alignment with 

distortion than other quadrature generating circuits. Its the center frequency of input signal V w . 

quadrature signal more linearly corresponds to the -j^^ feedback circuit 103 comprises a low-pass filter 

modulating frequency of input signal V w ttian do quadrature 123 ^^td to an amplifier circuit 124. Output 

signals generated wrth mefliods using, for example tank , si ^ v ^ has d ^ frequency band . fa 

circuits or ceramic filters. Thus, the modulating signal is , _ „ OUT 6 ' ... 7,.., , " 

recovered more accurately. cu oflf frequency of low pass fUtoc^cult 123 is chosen to be 

c t , . c . . - , , - below the desired frequency band of output signal V 0 ut 

So long as the freeninmng frequency of injection locked such ^ „ ^ ^ £ « band 

ZST T 8 - ° f ^ attenuatei <*«=uit 103 tos compensates 

input signal V w provides a synchronizuig signal mat con- I0 t* ttuutfm^utaaux, as weU as for thermaldrift and 

strains quadrate signal W^ AD to have the same frequency simUar ^ whlch resolt ln ^ free ^ fr of 

as input signal V w Quadrature signal V C ^ D thus contains Jltfoceton locked osdllator 121 ^ 4 from y me 

component .fluencies which correspond to input signal centerfreqU encyof taput signal V w Because of the filtering 

V,„ and the free running frequency o injecUon locked effect of ^ ^ ffl £ ^ feedback ^ 

oscillator 121. The combined frequencies are present m 15 103 comcts ^ fr ^ of j ^ 

quadrature «gnal W even when the free running fie- tion a cutoff frequency from 1 hertz to 100 hertz 

quency is outside the lock range. As a result, injection locked . g a ^ 0 Q^ aSt 
oscillator 121 is capable of locking onto input signal V w 

over a much wider frequency range than is achievable with Amplifier circuit 124 acts as a buffer to prevent summing 

tank circuits, ceramic filters, or the like. 20 011:01111 104 from loadin S low P ass mtCT m 11 3150 

The magnitude of the detection signal is a linear function J*™"/? f to inacadng the tuning accuracy of 

of the quadrature phase error between input signal V /JV and ^° A ^T , ^2™? con ^ on ^ ^ 

quadrature signal In practice; however, drcuit Vldcd at * c ou ?f of I am P Mer ™* 124 shown 

parasitics, such as strfy capacitance in frequency detection as a voltage signal. However, in alternative 

circuit 101, introduce nonlinearities which distort the detec- 25 «^ correction signal can be a current 

tion signal. Linearizing feedback circuit 102 provides a Slgnal or a sl S nal - 

correction signal which reduces these nonlinearities by an Summing circuit 104 receives the linearizing signal and 

amount equal to the magnitude of the resulting loop gain. ^ correction signal at its inputs and produces a 

linearizing feedback circuit 102 comprises a gain stage control signal Control (not shown) at its output Such 

which produces a linearizing signal which is applied to 30 summin g circuits a« well known and are implemented in a 

output terminal 114. Output terminal 114 serves as the variety of ways. In the embodiment of FIG. 1, the linearizing 

output of the demodulator circuit 100, producing a demodu- aad ^iig correction signals are voltage signals and control 

lated output signal V ol/7 > The linearizing signal is shown as si S nal Control is a current signal so that simiming circuit 

a voltage signal but can alternatively be a current signal. It 104 comprises either a resistor network or transconductance 

is a dynamic control signal which causes the frequency of 35 sta S es - Alternatively, if injection locked oscillator 121 is 

output signal V QUAD to track the frequency of input signal responsive to a control voltage rather than a control current, 

V IN . It can be either a single-ended or a differential signal. summing drcuit 104 is a voltage gain stage which provides 

The reduction in quadrature phase error attributable to a si 8 Iial which " a volta S c 

linearizing feedback drcuit 102 results in an output signal Control signal ^control is applied to the control input of 

V OUT which is more linear, and therefore more accurate than 40 frequency detection circuit 101. Control signal Icom-rol ^ 

it would be without such feedback. comprised of an average or DC component corresponding to 

Tuning feedback circuit 103 senses the detection signal ^ e toning correction signal and a dynamic or alternating 

and provides a tuning correction signal for adjusting the free current (AC) component corresponding to the linearizing 

ruing frequency of injection locked oscillator 121 to be signal. The DC component is comprised of frequencies 

equal .to the center frequency of input signal V w . When 45 below the desired frequency band of output signal V ol/7 . and 

injection locked oscillator 121 produces a quadrature signal toe AC component is comprised of frequencies within the 

v quad which is at a different frequency than input signal desired frequency band. The DC component aiitomatically 

the detection signal has a low frequency or direct free running frequency of injection locked oscil- 

current (DC) component signal which indicates whether ^ or 121 10 ^e average or center frequency of input 

quadrature signal V QUAD has a higher or lower frequency 50 signal V /vv , thereby increasing the frequency margin of FM 

than input signal V w . The DC component has one polarity demodulator circuit 100. By feeding back the AC 

when quadrature signal V QUAD has a higher frequency than component, injection locked oscillator 121 is better able to 

input signal V w and another polarity when quadrature signal tax ^ &e in P ut si g nai so me bandwidth can be reduced, 

Vquad has a lower frequency than input signal \ M . For thereby improving the sensitivity of demodulator circuit 
example, the detection signal may have a positive DC 55 

component when quadrature signal V e(MZ) has a higher FIG. 2 is a schematic diagram of an embodiment of 

frequency than input signal V m and a negative DC compo- demodulator circuit 200 in accordance with the present 

nent when quadrature signal V C£MZ) has a lower frequency invention, frequency detection circuit 201 has a signal input 

than input signal V /Ar . The DC component is present even tfxminal 210 which receives a FM input signal V m and a 

when Vq UAD and V 1N are not locked to the same frequency, 60 control input terminal 216 which receives a control signal 

thereby allowing the demodulator circuit 100 to be tuned ^control- An output terminal 211 provides an output signal 

even outside the lock range. Because the tuning correction current 

signal corresponds to the average or center frequency of A linearizing feedback circuit 220 is comprised of arapli- 

input signal V /Ar , it provides an average control signal at tier circuit 202 and resistor 205. Amplifier circuit 202 has an 

input terminal 113 of summing circuit 104. The average 65 input connected to output terminal 211 and an output ter- 

oontrol signal is fed back to control input 115 of frequency miaul 212 which serves as the output of the demodulator 

detection circuit 101 for adjusting the free running fre- circuit 200. Resistor 205 is connected between output ter- 
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minal 211 of frequency detection circuit 201 and output 
terminal 212 of linearizing feedback circuit 220. 

A tuning feedback circuit 221 has an input connected to 
output terminal 212 and an output terminal 215. It is 
comprised of an amplifier circuit 203, which has an input 
which serves as the input of tuning feedback circuit 221 and 
an output terminal 213. Amplifier circuit 204 has an input 
terminal 214 and an output which serves as the output of 
tuning feedback circuit 221. A resistor 206 is connected 
between output terminal 213 of amplifier circuit 203 and 
input terminal 214 of amplifier circuit 204. Tuning feedback 
circuit 221 further includes a capacitor 207 connected 
between input terminal 214 of amplifier circuit 204 and a 
power supply voltage such as ground. 

A summing circuit 222 is comprised of resistors 208 and 
209. One input of summing circuit 222 is connected to 
terminal 212. another input is connected to output terminal 
215 and an output applies a control current Icontrol t0 
input terminal 216 of frequency detection circuit 201. Resis- 
tor 209 is connected between terminals 212 and 216 and 
resistor 208 is connected between terminals 215 and 216. 
For proper operation, the input impedance at control input 
terminal 216 is substantially lower than the respective values 
of resistors 208 and 209 so as to minimize voltage fluctua- 
tions on control input terminal 216. 

In operation, amplifier drcuit 202 cooperates with resistor 
205 to form a transimpedance gain stage which converts 
current signal l OUT to a voltage signal V oc/7 > Voltage signal 
V OUT is then converted to a current signal by resistor 209, 
thereby producing a linearizing component of control cur- 
rent Icontrol f 01 " feeding back to frequency detection 
circuit 201. 

Amplifier circuit 203 is a buffer stage for preventing 
resistor 206 and capacitor 207 from loading terminal 212. 
Resistor 206 and capacitor 207 form a low pass filter circuit 
for attenuating component frequencies below the desired 
frequency band of output signal V OUT Resistor 206 and 
capacitor 207 are selected such that the cutoff frequency of 
the low pass filter is, for example, between 1 hertz and 100 
hertz. Amplifier circuit 204 is a gain stage which provides 
voltage gain to improve the tuning accuracy of frequency 
detection circuit 201. Resistor 208 converts the voltage 
signal at terminal 215 to a current signal at terminal 216 
which is summed with the current signal provided by 
resistor 209 to produce control current Icontrol f OT adjust- 
ing the quadrature signal produced in frequency detection 
circuit 201. 

FIG. 3 is a schematic diagram of a demodulator circuit 
300 in accordance with an alternative embodiment of the 
present invention. A frequency detection circuit 301 has a 
signal input terminal 310 which receives an input signal 
and a control input at terminal 315 which receives a control 
signal Icontrol- An output terminal 311 provides an output 
signal I 0[/Tl and an output terminal 312 provides an output 
signal l OUT2 . The respective output signals I 0 im and Wrc 
commonly have the same amplitudes. If their amplitudes are 
not equal they are generally proportional to each other. \, UTl 
and I OUT2 can be in phase or have opposite phases without 
substantially affecting the performance of demodulator cir- 
cuit 300. 

Transistor 304 has a base connected to terminal 311. a 
collector connected to terminal 314 and an emitter con- 
nected to a power supply voltage such as ground. Resistor 
305 is connected between the base and collector of transistor 
304. Transistor 302 has a base connected to terminal 312, a 
collector connected to terminal 313 and an emitter con- 
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nected to a power supply voltage such as ground. Capacitor 
303 is connected between the base and collector of transistor 
302. Resistor 306 is connected between terminals 313 and 
315 and resistor 307 is connected between terminals 314 and 
5 315. 

In operation, transistor 304 and resistor 305 form a 
linearizing feedback circuit 322 which is configured as a 
trarisimpedance amplifier, converting output signal I OUT1 * 
which is a current signal, to an output voltage V oc , r The 
10 stage voltage of the transimpedance amplifier is calculated 
by multiplying the value of resistor 305 by the magnitude of 
output signal I OUT1 . Resistor 307 is used for converting 
output voltage V OUT to the linearizing component of the 
control current Icontrol- 

Transistor 302 and capacitor 303 form a tuning feedback 
circuit 320 in demodulator circuit 300. The tuning feedback 
circuit 320 operates as an integrator circuit which combines 
low pass filter and amplifier functions in one stage. The input 
is terminal 312 and the output is terminal 313. The combi- 
nation of transistor 302 and capacitor 303 provides a cutoff 
20 frequency for output signal l OUT2 between one hertz and 100 
hertz. 

Summing circuit 321 is comprised of resistors 306 and 
307. It converts the voltage signals on terminals 313 and 
314, respectively, to currents which are summed at control 
input terminal 315 of frequency detection circuit 301. The 
result of the surnming is control current Icontrol which is 
applied to the control input of frequency detection circuit 
301. Control signal Icontrol adjusts the frequency of 
Vq UAD when it is out of lock with input signal V JN and the 
phase of quadrature signal V fitMD when quadrature signal 
Vquad * s locked to input signal V IN . 

By now it should be appreciated that a circuit and a 
method have been provided for demodulating a transmitted 
35 input signal to produce a demodulated output signal. 
Improved performance results from automatic tuning pro- 
vided by a tuning feedback circuit which eliminates the 
manual tuning required with tank circuits. Performance is 
further improved by using a linearizing feedback drcuit to 
reduce quadrature phase error between the input and quadra- 
ture signals. Fabrication costs are lower because the 
demodulator circuit is readily integrated on a semiconductor 
die. thereby reducing the number of external components. 
While specific embodiments of the present invention have 
45 been shown and described, further modifications and 
improvements will occur to those skilled in the art. It is 
understood that the invention is not limited to the particular 
forms shown and it is intended for the appended claims to 
cover all modifications which do not depart from the spirit 
50 and scope of this invention. For example, the circuits herein 
are shown and described using NPN bipolar transistors. 
However, comparable performance may be achieved using 
other types of transistors, such as PNP bipolar transistors or 
P-channel or N-channel metal-oxide -semiconductor 
55 transistors, or other types of circuits such as operational 
amplifiers. 
I claim: 

1. A demodulator circuit, comprising: 

an injection locked oscillator having a first input coupled 
50 for receiving an input signal, and an output; 

a phase detector circuit having first and second inputs 
respectively coupled to the first input and output of the 
injection locked oscillator, and an output for providing 
an output signal; 
65 a linearizing feedback circuit having an input coupled to 
the output of the phase detector circuit and an output 
which serves as an output of the demodulator circuit; 
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a tuning feedback circuit having an input coupled to the 
output of the linearizing feedback and an output; and 

a summing circuit having first and second inputs and an 
output, the first input coupled to the output of the tuning 
feedback circuit, the second input coupled to the output 5 
of the linearizing feedback circuit and the output 
coupled to a second input of the injection locked 
oscillator. 

2. The demodulator circuit of claim 1, wherein the phase 
detector circuit further comprises a filter circuit, the filter 10 
circuit attenuating frequencies at twice a frequency of the 
input signal 

3. The demodulator circuit of claim 1, wherein the tuning 
feedback circuit comprises a low pass filter coupled to a gain 
stage. 15 

4. The demodulator circuit of claim 3, wherein the 
demodulator circuit has a desired frequency band and the 
low pass filter has a cutoff frequency below the desired 
frequency band. 

5. The demodulator circuit of claim 1, wherein the tuning 20 
feedback circuit comprises: 

a transistor having an emitter, a base and a collector, the 
base coupled to the of the linearizing feedback circuit 
the collector coupled to the output of the tuning feed- 
back circuit and the emitter coupled for receiving a 25 
power supply voltage; and 

a capacitor coupled between the base and the collector of 
the transistor. 

6. The demodulator circuit of claim 1, wherein the lin- 
earizing feedback circuit comprises: 

a transistor having an emitter, a base and a collector, the 
base coupled to the output of the phase detector circuit, 
the collector coupled to the output of the linearizing 
feedback circuit and the emitter coupled for receiving 35 
a power supply voltage; and 

a resistor coupled between the base and the collector of 
the transistor. 



30 



7. An integrated FM demodulator circuit having an input 
and an output, the input responsive to an input signal and the 
output providing an output signal, comprising: 

an injection locked oscillator having first and second 
inputs and an output, the first input responsive to the 
input signal, the second input responsive to a control 
signal and the output providing a quadrature signal; 

a phase detector circuit having first and second inputs and 
an output the first input serving as the input of the 
integrated FM demodulator circuit, the second input 
responsive to the quadrature signal and the output 
providing a detection signal; 

an amplifier drcuit having an input and an output, the 
input responsive to the detection signal and the output 
serving as the output of the integrated FM demodulator 
circuit; 

a tuning circuit having an input and an output the input 
responsive to the detection signal and the output pro- 
viding a tuning correction signal; and 

a summing circuit having first and second inputs and an 
output the first input responsive to the output signal of 
the integrated FM demodulator circuit, the second input 
responsive to the tuning correction signal and the 
output providing the control signal. 

8. The integrated FM demodulator drcuit of claim 7, 
wherein the phase detector drcuit comprises a multiplier 
circuit 

9. The integrated FM demodulator drcuit of claim 8, 
wherein the multiplier circuit comprises a doubly balanced 
multiplier circuit 

10. The integrated FM demodulator drcuit of claim 7, 
wherein the tuning circuit comprises a low pass filter circuit. 

11. The integrated FM demodulator circuit of claim 10, 
wherein the output signal of the integrated FM demodulator 
circuit has a desired frequency band and a cutoff frequency 
of the low pass filter circuit is below the desired frequency 
band. 
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CERTIFICATE OF CORRECTION 



PATENT NO. : 5,650,749 
DATED : July 22, 1997 

INVENTOR(S) : William Eric Main 

It is certified that error appears in the above-indentified patent and that said Letters Patent is hereby 
corrected as shown below: 



Claim 1, column 7, line 2, 

After "feedback", insert — circuit — therefor. 
Claim 3, column 7, line 14 

Delete "drcuit" and insert — circuit — therefor. 

Claim 5, column 7, line 23 

after "the" (2nd occur.) add — output — . 

Claim 8, column 8, line 25 

Delete "drcuit" and insert — circuit — therefor. 
Claim 8, column 8, line 26 

Delete "drcuit" and insert — circuit — therefor. 
Claim 9, column 8, line 28 

Delete "drcuit" and insert — circuit — therefor. 
Claim 10, column 8, line 31 

Delete "drcuit" and insert — circuit — therefor. 

Signed and Sealed this 
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Twentieth Day of January, 1998 



BRUCE LEHMAN 

Attesting Officer Commissioner of Patents and Trademorki 
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